M utations in the RNA-binding motif protein 20 (RBM20) have been shown to cause a clinically aggressive form of dilated cardiomyopathy (DCM).
CircRNAs are produced by the canonical spliceosome machinery, by back-splicing of exons of pre-mRNA, which results in covalently closed, single-stranded RNA molecules that lack poly(A) tails. [7] [8] [9] The formation of circRNAs can affect splicing, as it has been shown that the more an exon is circularized, the less it will be represented in the linearly processed mRNA. 9, 10 How RNA circularization is connected to alternative splicing remains largely unknown, but splicing factors such as muscleblind and quaking have been shown to regulate circRNA formation. 8, 11 Recent studies revealed that circRNAs may also regulate gene expression by different mechanisms. Specifically, 2 cytoplasmic circRNAs have been shown to serve as microRNA sponges, 12, 13 and a class of nuclear circRNAs has been shown to promote transcription of their parental genes directly by associating with RNA polymerase II. 14 Little is known about circRNA expression and biogenesis in the healthy and diseased human heart. Therefore, we explored circRNAs in cardiac tissue from patients having hypertrophic cardiomyopathy (HCM) or DCM and from nondiseased individuals. We identified thousands of circRNAs expressed in the heart, with some of them regulated in disease. We identified a hotspot of circRNAs produced by the titin gene, precisely within the I-band region, a region known to undergo extensive, RBM20 regulated, alternative splicing. 15 We show in a patient with an RBM20 mutation and in Rbm20 knockout mice that RBM20 function is required for the production of circRNAs from the I-band region of titin. This suggests that loss of RBM20 may induce myocardial disease not only by abnormal splicing of linear transcripts but possibly also by loss of a specific class of conserved and regulated circRNAs.
Methods
Detailed methods are provided in the Online Data Supplement.
Results

Whole Transcriptome Identification of circRNAs in Human Hearts
To detect circRNAs in diseased and nondiseased human hearts, ribosomal depleted RNA, obtained from left ventricles of 2 control, 2 HCM, and 2 DCM individuals, were used for whole transcriptome sequencing ( Figure 1A ). We searched for evidence of back-splicing ( Figure 1B ) by mapping canonical and noncanonical fusion junctions using the software MapSplice 16 and uncovered a total number of 7130 putative circRNAs, of which 826 back-spliced junctions were commonly identified in all 6 samples ( Figure 1C ; Online Table I ). Regression analysis confirmed that back-spliced junction counts were positively correlated across replicate samples within each group (Online Figure I) . The most striking observation was that a total of 80 different circRNAs were identified within the titin gene (80 titin circRNAs expressed in ≥2 individuals and 22 titin circRNAs in all 6 individuals). Similarly, 59 different back-spliced junctions were identified in the RYR2 gene (59 RYR2 circRNAs expressed in ≥2 individuals and 16 RYR2 circRNAs in all 6 individuals; Online Table II ). The expression level of circRNAs did not correlate with the level of expression of the host gene ( Figure 1D ), neither did we observe a relationship between transcript/gene length and number of circRNAs arising from the corresponding host gene (Online Figure II) .
There is a general consensus that circRNAs are flanked by significantly longer introns than expected by chance. 17 Therefore, we compared the median length of introns flanking the back-splicing junctions of the 826 predicted circRNAs with a control set comprising an equal number of introns randomly selected from the human genome. The median length of introns flanking our set of circRNAs was 13 071 nt compared with 1727 nt in the control set, corresponding to a 7-to 8-fold difference in length (Online Figure IIIA) .
Introns flanking the back-spliced junctions of circRNAs are known to be enriched for paired Alu repeats in inverted orientation (Online Figure IIIB) . We performed de novo motif enrichment analysis in introns flanking the backsplicing junctions of all 826 predicted circRNAs and detected the Alu-Ya5 motif as the candidate with the highest information content (Online Figure IIIC) . In total, 16% of the circRNAs were flanked by introns containing at least 1 paired inverted Alu repeat, whereas in a control set of introns only 7% contained inverted Alu repeats (Online Figure IIID and Table III) .
Recent studies suggest that circRNAs can act as microRNA sponges. 17 Using miRbase in conjunction with the RNAhybrid tool, we compared the frequency of putative miRNA-binding sites identified in exons belonging to the set of 826 circRNAs to those identified in 2 control sets of exons, containing either 3′ untranslated region or coding sequences. As shown in Online Figure IV , circRNAs expressed in the heart are not globally enriched for miRNA-binding sites.
Experimental Validation of Next-Generation Sequencing-Derived Human Heart circRNAs
To test whether the identified transcripts are bona fide circRNAs, we selected 22 of the identified circRNAs for reverse transcription-polymerase chain reaction (RT-PCR) using primers designed to amplify the circRNA-specific back-splice junctions. We selected these candidates on the basis of their absolute expression level, location within the host gene, conservation, or function of their host gene in cardiac biology (Online Table V ). To avoid amplification of linear transcripts, primers were designed to diverge on linear cDNA, although being convergent on circRNA-derived cDNA. We tested circRNA expression in poly(A)-negative and poly(A)-positive RNA fractions as well as their expected resistance to exoribonuclease RNase R digestion. Although a linear transcript (αMHC [myosin heavy chain]) seemed sensitive to RNase R digestion and was mainly found in the poly(A)-positive RNA fraction, the 22 circRNAs were all resistant to RNase R digestion and were exclusively found in the poly(A)-negative fraction ( Figure 2A ; Online Figure VA ). Interestingly, several host genes produced alternative circRNAs, as can be appreciated from the additional bands for cTTN and cLAMA2 gels in Figure 2 . Sanger sequencing confirmed the presence of back-spliced exons, both in the predicted amplicons and in the additional bands observed on gel. The higher bands mostly contained additional exons, and sometimes introns, upstream of the acceptor exon or downstream of the donor exon, which indicates alternative circularization (Online Figure VI ). The precise exon and intron composition of the identified titin circRNAs remains unknown because only back-spliced regions of the circRNAs were mapped. Taken together, experimental validation indicates that our RNAseq and circRNA prediction with MapSplice is a robust approach to identify bona fide circRNAs. As shown in Figure 2B and Online Figure VB , RT-PCR of these 22 circRNAs on a human panel of adult and fetal tissues revealed that a subset of circRNAs are widely expressed (eg, Figure 1 . Identification of circular RNAs (circRNAs) in the human heart. A, Flow chart depicting the methodology used to identify circRNAs in the human heart. B, CircRNAs are formed when the splice donor site, instead of associating with a downstream acceptor site (as in linear splicing), associates with an upstream splice acceptor site. C, Venn diagram showing 4620 circRNAs commonly identified in both replicates of at least one sample group. Eight hundred and twenty-six circRNAs were commonly identified in all 6 samples. D, A scatter plot displaying the relationship between expression of 4620 circRNAs and their host genes (R=0.09). Black dots depict instances where circRNA expression is higher than the expression of their respective host genes. DCM indicates dilated cardiomyopathy; and HCM, hypertrophic cardiomyopathy.
by guest on October 26, 2016 http://circres.ahajournals.org/ Downloaded from cPDLIM5, cATP2B4), whereas others are expressed in a tissue-specific manner (eg, cLAMA2 and cTTN). Interestingly, the precise alternative circularization of some of the circRNAs seems tissue specific (eg, cSTRN) or developmental specific (eg, cTMEM38b).
Identification of Disease-Regulated circRNAs
Differential expression analysis revealed 43 out of 826 commonly identified circRNAs to be differentially expressed in DCM compared with control samples and 60 circRNAs in HCM compared with control samples (Figure 3A and 3B; Online Table IVA and IVB) . Because of the limited number of samples (n=2 per group), a fold change of >2 and a P value of <0.05 were used as cutoffs, rather than the adjusted P value (note that only 2 circRNAs survived multiple testing; Online Table IVA and IVB). We selected 10 candidates from the set of 22 experimentally validated circRNAs and examined them by semiquantitative RT-PCR in a larger group of patients (7 control, 7 HCM, and 7 DCM). As shown in Figure 3C and quantified in Online Figure VII , we confirmed the loss of circRNA formation from the host genes CAMK2D (in DCM and HCM) and titin (mainly in DCM) in disease. To investigate whether differential expression of circRNAs was caused by altered expression of host genes, we performed qRT-PCR of the linear transcripts (Online Figure VIII) . Interestingly, expression of CAMK2D and titin circRNAs did not correlate with expression changes of their linear host transcripts, indicating that the disease-regulated changes in circRNA production are independent of transcriptional regulation.
RBM20 Is Required for the Production of circRNAs From the Host Gene Titin
We observed a remarkably large number of circRNAs produced from the titin gene, a gene that is known to undergo highly complex alternative splicing. Titin is a protein that spans half of the sarcomere and determines biomechanical properties of the heart. Particularly, the inclusion/exclusion of a large segment within titin, the so-called I-band, which behaves as a molecular spring, importantly determines the passive stiffness of sarcomeres.
18 RBM20 is the splicing factor responsible for alternative splicing within the I-band (particularly the elastic PEVK domain and the immunoglobulin (Ig)-rich region), and mutations in RBM20 have been shown to result in the expression of large and highly compliant titin isoforms, suggested to cause DCM. 3, 4 Strikingly, we noted a hotspot of circRNAs exactly within titin's I-band ( Figure 4A ). This prompted us to investigate whether there is an enrichment of RBM20-binding sites in the introns flanking the back-spliced junctions of the 80 predicted titin circRNAs. Interestingly, we found a 5-fold increase in RBM20-binding site frequency in the introns flanking (within 100 bp) the 80 titin circRNAs compared with a control set of introns (see also track in Figure 4A ). Examination of RBM20-binding sites in flanking introns of all 826 identified circRNAs revealed a ≈2-fold enrichment compared with the control intron set (Online Figure IXA and IXB and Table VI) .
To investigate whether RBM20 is essential for titin-derived circRNAs, we generated Rbm20-null mice and examined their cardiac titin circRNA production. In these mice, loss of Rbm20 resulted in early-onset DCM, which manifested by LV dilatation and impaired cardiac function at an age of 10 weeks and was accompanied by the previously described aberrant titin splicing 3 (Online Figure X) . From a recent report, which profiled circRNAs in the mouse heart, 19 we selected 4 titin circRNAs that arise from the Ig and PEVK regions, regions that critically depend on Rbm20 for alternative splicing (mus_cTtn1-4), and 2 circRNAs that arise from the Rbm20-independent N2A and Z-disk regions (mus_cTtn5-6, Online Figure XI) . Interestingly, we identified both Rbm20-dependent and Rbm20-independent circRNAs arising from the titin gene. CircRNAs produced from the Ig and PEVK regions were absent in the Rbm20 knockout hearts, whereas the circRNAs generated from the Rbm20 splicing-independent regions were abundantly expressed in the Rbm20 knockout hearts ( Figure 4B ). Interestingly, for the Rbm20-dependent circRNAs, the corresponding exons are more included in the linear titin transcript after loss of Rbm20, whereas for Rbm20-independent circRNAs, there is equal exon inclusion between wild-type and Rbm20 knockout mice (Online Figure XII) . This implies that when Rbm20-dependent exons are spliced out of the linear titin transcript, they can serve as a substrate for circRNA formation. When, however, Rbm20 is lost and these exons are included in the linear titin transcript, the substrate is lost, and circRNA formation is abolished.
To validate RBM20-dependent circRNA production and its relevance in human disease, we investigated a DCM patient with a heterozygous mutation in RBM20 (E913K). This mutation resulted in a shift in titin from the less compliant N2B toward the highly compliant N2BA isoforms. 20 Analysis of circRNA production by RT-PCR in the heart of this patient revealed that titin circRNA production was grossly abnormal, specifically in the Ig and PEVK domain (ie, cTTN1, 2, 4, and 5), when compared with hearts of other idiopathic DCM patients, but not for circRNAs produced partially from the Z-disk region (ie, cTTN3), which is considered RBM20-independent ( Figures 3C and 4A ).
Our data confirms that alternative splicing and circRNA production are intimately connected. We show that skipping of titin's I-band region is associated with circRNA formation, likely by providing a substrate for the formation of circRNAs, as illustrated in Figure 4C . This figure depicts the concept based on the established role of RBM20 as a splicing repressor. 4 Thus, in the absence of RBM20, these exons are included in the linear titin transcript so that they cannot serve as substrate for circRNA formation.
Discussion
We identified thousands of circRNAs in the human heart and show that a subset of these circRNAs is differentially expressed in diseased hearts. The identified cardiac circRNAs conform to most of the key properties of circRNAs: (1) circRNAs were flanked by 7-to 8-fold longer introns compared with a random set of intron, (2) we found an enrichment of inverted Alu repeats in the introns flanking the predicted circRNAs, (3) cardiac circRNAs were not generally enriched for miRNA-binding sites, (4) circRNAs were resistant to RNase R treatment and lack poly(A) tails.
The main finding of this study is that RBM20 is crucial for the formation of a subset of circRNAs that originate from a specific region within the I-band of the titin gene (ie, PEVK and Ig repeats), a region that is known to undergo extensive alternative splicing to produce titin isoforms with the desired biomechanical properties. 15 Given the known role of RBM20 in exon skipping in titin's I-band, we propose the concept that RBM20, by excluding specific exons from the pre-mRNA, provides the substrate to form this class of RBM20-dependent circRNAs. It has been described that idiopathic DCM patients have increased N2BA/N2B isoform ratios and thus more inclusion of Ig repeats and a longer PEVK domain in the I-band. 21 In similarity to our observations in the Rbm20 knockout mice, we postulate that increased inclusion of these domains in the linear titin transcript prevents the formation of titin circRNAs. As shown in Figure 3C , this is indeed the case for the I-band circRNAs. Interestingly, we have also identified RBM20-independent titin circRNAs. These were produced from exons closer to the Z-disk and from exons within the N2A domain, regions that are not spliced by RBM20; these A total of 80 human circRNAs were identified within titin, of which 5 were selected for further validation. Middle: 6 Titin circRNAs (cTtn) identified in mice are depicted. CircRNAs in blue represent experimentally confirmed RBM20-independent circRNAs and the ones in red indicate the RBM20-dependent circRNAs. Bottom: density of RBM20-binding sites. Note the increased density of binding sites and circRNAs arising from the RBM20-dependent I-band region. B, RT-PCR of mouse circRNAs (as depicted in A) in Rbm20 knockout hearts. In the absence of Rbm20, circRNAs produced from Ig repeats and PEVK domain (mus_cTtn1, 2, 3, and 4) are lost, whereas circRNAs produced from the Z-disk and N2A region (mus_cTtn5 and 6) are not affected. See Online Figure XII for corresponding exons in the linear titin transcript. C, Proposed mechanism of RBM20-dependent circRNA production from the titin gene. In the normal situation, when functional RBM20 is present, the Ig repeats, N2A, and PEVK regions of TTN are spliced out by RBM20, and this provides the substrate for circRNA formation. When RBM20 is absent/mutated, these regions are included in the linear transcript, which prevents circRNA formation. In the absence of RBM20, circRNAs are still produced from the Z-disk and N2A region. circRNAs were readily expressed in the Rbm20 knockout hearts. Maatz et al 4 previously identified a correlation between RBM20 mRNA levels and the levels of titin splicing, which suggests that titin circRNA expression is also correlated to RBM20 mRNA levels. In the myocardial tissues used for RT-PCR ( Figure 3C ), we observed a 29%, nonsignificant downregulation of RBM20 mRNA in the DCM samples (data not shown). However, the small group size of this study was not sufficient to find a correlation between RBM20 and titin circRNA expression. This is not surprising considering the observation by Maatz et al that the expression of RBM20 greatly varies between patients with endstage heart failure. Therefore, the authors used 10 patients with the highest RBM20 expression and 10 patients with the lowest RBM20 expression, selected from a database of 148 heart failure patients to demonstrate a correlation between titin splicing and RBM20 levels. In line with this observation, the RNA-seq experiment in our study was underpowered to test for a correlation between RBM20 mRNA and cTTN expression because none of the RBM20-dependent titin circRNAs were significantly differentially expressed between DCM and controls after correcting for multiple testing (Online Table VII ).
It is known that circRNA processing is intimately connected to alternative splicing 10 ; however, our findings suggest that circularization of RNA substrates occurs after alternative splicing has taken place. This order of events is supported by a recent study of Zhang et al, 22 who used metabolic tagging of nascent RNAs to show that circRNA processing from pre-mRNA occurs post-transcriptionally. Specifically, they show that the majority of circRNAs were produced after transcription and splicing of their parental gene was completed. However, others have shown that the use of 5′ and 3′ splice sites in circRNAs can compete with pre-mRNA splicing, which would imply that circRNA biogenesis occurs simultaneously and thus can affect or even regulate alternative splicing. 8 It therefore is possible that circRNA formation within titin underlies the diversity of titin splicing, and it is tempting to speculate that perturbations in circRNA expression could contribute to the pathophysiology of DCM patients. The general function of circRNAs remains unclear, but an intriguing possibility, which is still under debate, is that circRNAs form a template for protein synthesis. Because most circRNAs are composed of protein-coding exons, it will be interesting to investigate their potential to be translated. If these circRNAs are translatable, it has to be considered that small titin peptides are expressed in the heart.
Taken together, we propose that RBM20 is important in normal cardiac physiology not only by regulating exclusion of specific exons but also by allowing a specific subclass of circRNAs to be generated. This opens the possibility that loss of RBM20 induces disease not only by aberrant splicing of titin and other genes but also by loss of circRNAs.
What Is Known?
• Circular RNAs (circRNAs) are a novel class of RNAs that are formed by back-splicing of exons by the spliceosome.
• Thousands of different circRNAs are expressed in mammals, but their function remains largely elusive.
• RNA-binding protein 20 (RBM20) is an important cardiac splicing factor, and mutations herein cause early-onset dilated cardiomyopathy.
What New Information Does This Article Contribute?
• We identified thousands of circRNAs to be expressed in the human heart, with at least 80 originating from the titin gene.
• Using Rbm20 knockout mice and myocardial tissue of a patient with a mutated RBM20 allele, we demonstrate a role for RBM20 in the formation of circRNAs of the titin gene.
• We propose the model that the splicing factor RBM20, by excluding specific exons from titin's I-band region, provides the substrate to form circRNAs.
Here, we identified thousands of circRNAs from the human heart, with at least 80 circRNAs originating from the titin gene. Our most important finding is that the splicing factor RBM20 is crucial for the formation of a subset of these titin circRNAs. As such, we provide insights into the biogenesis of titin circRNAs, by showing that exon skipping of titin's I-band region is required for circRNAs to be formed. We think that these findings open novel avenues to understand the role of RBM20 as a cause of hereditary dilated cardiomyopathy, while contributing to our basic understanding of the biogenesis of circRNAs. Library preparation and whole transcriptome RNA sequencing RNA quality was assessed with the Agilent 2100 Bioanalyser. All samples had a RIN score of > 8.0. Total RNA samples (500 ng) were treated with biotin-streptavidin based bead systems (Exiqon) to minimize ribosomal contamination. Ribosomal-depleted RNA libraries were sequenced on a illumina NextSeq 500 platform in paired-end mode and with a read length of 101bp. Sequencing depth was approximately 90 million raw reads per sample. Base-calling was performed using the bcl2fastq 2.0 Conversion Software from Illumina.
Novelty and Significance
Quality Control and processing of RNA-Seq samples Quality control of fastq files was performed using FASTQC (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/). Trimmomatic version 0.35 1 was used to remove Illumina adapters, using a phred score cut-off of 30 whilst discarding reads with a length below 25 bases. Reads passing quality control were then utilized for circRNA identification as described below.
Identification of putative circular RNAs
Exonic circRNA back-spliced junctions were identified using MapSplice version 2.2.0 2 . MapSplice aligns reads to the genome using Bowtie 3 and further attempts to map unaligned reads by introducing gap alignments. Both canonical and non-canonical fusion junctions were detected as evidence for circRNAs using the following options --min-fusion-distance 200 (as suggested by the authors), --filtering 1 and --min-map-len 25. The junction coverage and total number of supporting reads reported by MapSplice for each sample were then formatted into matrices where the value in the i-th row and the j-th column of each matrix represented the total number of reads successfully mapped to the back-splice junctions of the host gene i in sample j.
Identification of inverted Alu repeats flanking introns of circRNAs
To quantify inverted Alu repeats in candidate circRNAs, genomic positions of all known Alu repeats were downloaded from the UCSC genome table browser 4 . Bedtools 5 together with custom PERL scripts were then used to determine for each candidate circRNA, the genomic positions and strand (sense or anti-sense) of Alu repeats occurring within introns flanking 100bp, 200bp and 500bp upstream and downstream of the back-splicing acceptor and donor sites respectively. For each flanking distance, the number of paired inverted (reverse complementary) Alu repeats occurring in flanking introns of all circRNAs were then tallied. As a control set, an equal number of pairs of exons known to be alternatively spliced were randomly selected from the genome as follows. First, BioMart 6 from Ensembl (www.ensembl.org) was used to extract genomic features (i.e. transcripts and exons) and positions of all genes consisting of 3 or more transcripts. For each gene, exons exclusively occurring in only 1 transcript out of at least 3 were then identified (as evidence of alternatively spliced exons). Finally, n pairs (determined by the total number of exon pairs represented in all predicted circRNAs) of alternatively spliced exons were randomly selected whilst ensuring that each pair corresponded to the same transcript. The Alu enrichment procedure was repeated as described above and the number of inverted Alu repeats occurring within introns flanking 100bp, 200bp and 500bp upstream and downstream of these 'control' exon pairs were tallied.
miRNA binding site analysis of circRNAs
To determine whether candidate circRNAs identified in this study have the potential to act as sponges for microRNAs, the RNAhybrid tool 7 was used to predict miRNA target sites in each of the predicted circRNAs. The parameters were set as follows; -p 0.05, -s 3UTR_human, allowing a mismatch in the seed region. A total of 2,588 human mature miRNA sequences were downloaded from miRBase (release 21). Exon sequences located within the predicted circRNAs were downloaded from the UCSC Table Browser, using the GRCh37/hg19 assembly of the human genome. As a control set, an equal number of exons were randomly selected from the genome together with a random set of 3' UTR sequences. The miRNA enrichment procedure was repeated as described above.
Differential circular RNA expression analysis
Differential expression analysis of circRNAs was performed using the R Bioconductor package, DESeq 8 . To investigate the role of circRNAs in normal, hypertrophic and dilated hearts, three sets of differential expression analyses were conducted. First, hearts from control individuals were compared with those from DCM patients; second, control hearts were compared with HCM hearts. Owing to the availability of replicates, the dispersion method "pooled" from DESeq was used to accurately estimate dispersion between each comparison and the negative binomial model was used to estimate differentially expressed circRNAs for each analysis. At the end, only those circRNAs passing a fold-change (log2) cut-off of 1 together with a p-value cut-off of 0.05 were deemed significantly differentially expressed.
Differential gene expression analysis
To calculate differential expression of linear junction reads across DCM, HCM and controls, RNA-Seq reads from all samples were first aligned to the human genome (hg19 build) using TopHat2 9 . The dispersion method "pooled" from DESeq was used to accurately estimate dispersion between each comparison and the negative binomial model was used to estimate differentially expressed genes for each analysis. Transcript assembly and quantification of linear junctions were performed using Cufflinks 10 . Only transcripts with an FPKM of > 0 were retained.
Rbm20 binding site analysis
Genomic sequences of introns flanking circRNAs were obtained from the UCSC genome table browser. Custom PERL scripts were then used to determine for each candidate circRNA, the genomic positions of the Rbm20 motif (UCUU) occurring within introns flanking 100bp, 200bp and 500bp upstream and downstream of the back-splicing acceptor and donor sites respectively. Rbm20 motifs occurring in flanking introns of all circRNAs were then tallied. The same control set used for Alu enrichment (described above) was utilized as a background set. The number of Rbm20 motifs occurring within introns flanking 100bp, 200bp and 500bp upstream and downstream of these 'control' exon pairs were tallied. To calculate the density of Rbm20 binding sites within TTN gene, the total number of Rbm20 motifs occurring in a given intron was divided by the length of the corresponding intron. Exons were excluded from the analysis.
Preparation of poly(A)-positive and poly(A)-negative RNA fractions
Total RNA isolated from LV tissue from three HCM patients was used to generate poly(A) enriched and depleted fractions using 200 µl oligo d(T) 25 Magnetic Beads (NEB). After washing with 500 µl washing buffer (300 mM NaCl, 20 mM Tris-HCL, 0.01% NP-40), beads were incubated with 6 µg total RNA from left ventricles of HCM patients in 2x binding buffer (300 mM NaCl, 40 mM Tris-HCL, 0.02% NP-40) in a 100 µl reaction for 10 minutes with gentle agitation. Beads were pulled to the side of the tube with a magnetic rack and supernatant containing poly(A) negative RNA was collected. After washing three times with 500 µl washing buffer, beads were incubated in 100 µl elution buffer (150 mM NaCl, 20 mM Tris-HCl, 0.01% NP-40) at 50°C for 2 minutes. Beads were pulled to the side of the tube with a magnetic rack and supernatant containing poly(A) positive RNA was collected. Poly(A) negative RNA was also treated at 50°C for 2 minutes.
RNase R digestion
Total RNA isolated from LV tissue from the same three HCM patients used for poly(A) enrichment/depletion was used to generate RNase R digested RNA and control samples by incubating 1 µg total RNA in 1x RNase R buffer in a 20 µl reaction with or without 5 units of RNase R (Epicentre) at 37°C for 10 minutes followed by heat inactivation at 95°C for 3 minutes.
RT-PCR and qRT-PCR
After poly(A) enrichment/depletion or RNase R treatment, 1 µg RNA was DNA depleted using DNase I (Invitrogen) in a 20 µl reaction. Afterwards, cDNA was generated using SuperScript II Reverse Transcriptase (Invitrogen) in a 40 µl reaction. For circRNA detection reverse transcription was primed with random hexamers (Invitrogen) and for mRNA detection oligo(dT) primers were used. For RT-PCR, 1-4.5 µl of 5-times diluted cDNA was amplified in a 25 or 37.5 µl reaction with HOT FIREpol DNA polymerase (Solis Biodyne) using the following program: 15 minutes preincubation at 95ºC, 30-35 cycli of 30 seconds 95ºC, 30 seconds 58ºC, and 10 seconds-3 minutes 72ºC and 10 minutes final elongation at 72ºC. PCR products were size separated on 1-2% agarose gels. Primers are designed to amplify the smallest band depicted on the gels shown in the (Online) Figures. Sanger sequencing confirmed the presence of the expected backsplice junction in these bands. A majority of the additional bands was also sequenced. Band density was quantified using ImageJ software. Two different DNA ladders were used: 1) Lambda DNA digested with BstEII, which produces bands with the following sizes 
Rbm20 knockout mice
The International Knockout Mouse Consortium (Knockout-first allele, University of California, Davis) has generated a Rbm20 conditional mouse allele, in which a neomycin and LacZ cassette together with loxP sites flanking exon 4 and 5 are inserted by homologous recombination in C57BL/6N embryonic stem (ES) cells. Correct ES cell targeting was confirmed by Southern blot analysis (not shown). Pronuclear injections of these targeted ES cells in (FVB) blastocysts, Flp-mediated excision of the neomycin cassette, and crossing with a CMV-Cre mouse line was performed at the AMC medical center. Rbm20 heterozygous mice were crossed at least 6 generations with FVB wildtype mice to obtain a pure background. All animal studies were approved by the Institutional Animal Care and Use Committee of the University of Amsterdam, and in accordance with the guidelines of this institution and the Directive 2010/63/EU of the European Parliament. Homozygous Rbm20 knockout mice did not express Rbm20 mRNA, as shown by qPCR, with a primer set designed in exon 2 (Fwd) and 3 (Rev), and revealed abnormal titin splicing in their hearts (see Online Figure IX) , thereby phenocopying the previously described Rbm20 knockout rat model. Inclusion of addition I-band exons, resulted in a shift from the less compliant N2B towards the highly compliant N2BA titin isoforms.
Data visualization and statistical analysis
All results generated from differential circRNA analysis were visualized using the R bioconductor package, ggplot2. Venn diagrams were constructed using the R package, VennDiagram 11 . For miRNA enrichment analysis, a cumulative distribution function (CDF) was computed using the ecd function of the R Bioconductor package, Stats. The graphical representation of the TTN gene and circRNAs were constructed using the R package, GenomicRanges 12 and custom R scripts respectively. The Rbm20 density track was constructed using the R package, Sushi 13 . For differential circRNA expression across conditions, circRNA back-spliced junction data were statistically analyzed using the negative binomial test in the R Bioconductor package, DESeq. All correlation tests were performed in R, using the Pearson's correlation as the method of choice. Intron lengths flanking ecircRNAs and the control set were compared using the unpaired t test in R. The frequency of inverted Alu repeats flanking ecircRNAs and the control set were compared as follows. For each flanking distance (100, 200 and 500bp up and downstream of the back-spliced junctions), a 2 x 2 contingency table was constructed, comprising of the number of inverted and non-inverted Alu repeats in the ecircRNAs and control set. The Fisher's exact test in R was then used to calculate a p-value for each flanking distance. The frequency of Rbm20 binding sites flanking ecircRNAs were statistically analyzed as follows. For each flanking distance (100, 200 and 500bp up and downstream of the back-spliced junctions), the proportion of observed Rbm20 binding sites flanking the ecircRNAs (X) and control set (Y) were calculated using the equations, X = a/a+b and Y = b/a+b respectively, where a = total number of Rbm20 binding site hits flanking the set of ecircRNAs and b = total number of Rbm20 binding site hits flanking the control set. Differences in enrichment of Rbm20 sites between ecircRNAs and control sequences (across all flanking distances) were compared using the t test. qPCR data were analyzed using LinRegPCR 14 quantitative PCR data analysis software and normalized for expression of GAPDH or HPRT. Values are expressed as mean ± standard error. Differences between groups were compared using Student's t-test and p-values <0.05 were considered statistically significant. The amplicon composition is depicted for a majority of the bands detected with RT-PCR on the poly(A) negative (-) fraction of three human heart samples (complete gels in Figure 2 and Online Figure V) or three mouse heart samples (complete gels in Online Figure XI ). *Please note that for two alternatively circularized circRNAs (cLAMA2 and cCCSER2) an intron is (partially) included instead of an up-or downstream exon. Exon numbers are counted using transcript ENST00000421865 for cLAMA2, ENST00000589042 for cTTN, ENST00000264808 cPRDM5, ENST00000374692 for cTMEM38b, ENST00000263918 for cSTRN, ENST00000224756 for cCCSER2 and ENSMUST00000099981.8 for mouse cTtn. Sequence reactions on additional bands for some circRNAs were not successful and therefore not shown here. Figure 3C . Band densities were quantified using ImageJ software and normalized to GAPDH. Only the lowest band on each gel was quantified as this band corresponds to the circRNA identified in the RNAseq. Mean ± SEM. Differences between Control (n=7) and HCM (n=7) or DCM (n=6) groups were compared using Student's t-test. Band densities for RBM20 E913K were not tested for significance compared to other groups, because this group constitutes only one sample. *p<0.05 compared to Control group. Differences between groups were compared using Student's t-test. No statistically significant differences were observed. qRT-PCR was performed on wildtype (WT), heterozygous (HET) and knockout (KO) mouse hearts (n=3 per group). Rbm20 expression is corrected for Gapdh. N2B and N2BA expression are corrected for total titin expression. Note that N2BA primers are designed in the N2A element and therefore reflect both N2BA and N2BA-giant transcript levels. Mean ± SEM. Differences between groups were compared using Student's t-test. *p<0.05 compared to WT. The circRNAs derived form the N2A and Z-disk regions (muscTtn5 and 6) are not affected by loss of Rbm20. As expected, the linear counterpart of these circRNAs (linear Ttn [exon 2-9] and linear Ttn [exon 106-112]) are also not affected by loss of Rbm20. Please note that, apart from mus_cTtn6, the distance between acceptor and donor exon is too larger to PCR the complete linear counterpart. Therefore, a primer in the donor or acceptor exon and an additional primer 5-10 exons up or downstream was used in the PCR reaction. For circRNAs, primers are designed to amplify the smallest band on gel. See Online Table V Table I: EXCEL FILE named "Online Table I"   Online Table I : A total of 7130 putative circRNAs were identified with a back-spliced junction count of at least 1 in any of the 6 samples. Chromosome numbers, positions and sequences of donor and acceptor sites, host gene symbols together with back-spliced junction counts of predicted circRNAs in each sample are tabulated. Entries highlighted in blue represent the set of 826 circRNAs with identical back-spliced junctions commonly identified in all 6 samples.
Online Table II: EXCEL FILE named "Online Table II"   Online Table II: A table illustrating Online Table III: EXCEL FILE named "Online Table III"   Online Table III Table IVA: EXCEL FILE named "Online Table IVA"   Online Table IVA : 43 circRNAs differentially expressed in DCM Vs. Controls. Entries highlighted in green represent circRNAs upregulated in DCM, whereas those in red represent circRNAs downregulated in DCM. A p-value cut-off of < 0.05 was used as the significance threshold. NOTE: Entries in bold represent circRNAs that pass a FDR cut-off of 0.05. Table IVB: EXCEL FILE named "Online Table IVB"   Online Table IVB : 60 circRNAs differentially expressed in HCM Vs. Controls. Entries highlighted in green represent circRNAs upregulated in HCM, whereas those in red represent circRNAs downregulated in HCM. A p-value cut-off of < 0.05 was used as the significance threshold. Table VII : Differential expression analysis between DCM and Controls for RBM20-dependent TTN-derived circRNAs. cTTN1 (highlighted in blue) expression is significantly different with a p-value cut-off of <0.05, which was used due to the limited number of samples (n=2 per group). However, after correction for multiple testing the significance is lost.
Online
